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In this issue of Cell Stem Cell, Brownell et al. (2011) identify stem cells in the hair follicle bulge that receive
Hedgehog signals from adjacent sensory nerves. These stem cells regenerate the cycling hair follicle and,
upon wounding, transit into the epidermis to become long-term resident interfollicular epidermal stem cells.The fascinating hair cycle—rhythmic
periods of growth (anagen) followed by
death (catagen) and rest (telogen)—
makes the hair follicle a powerful model
for understanding the nature and
dynamics of adult epithelial stem cells
and the homeostatic role of signaling
pathways. One of these pathways,
Hedgehog (Hh), is known to be important
in early anagen, during which Sonic
hedgehog (Shh) drives proliferation of
matrix keratinocytes and acts on the
dermal papilla to promote growth of the
follicle (Oro and Higgins, 2003).
Brownell et al. (2011) used sensitive
Gli1 reporter mice to demonstrate active
Hh signaling in the epithelia of quiescent
telogen follicles, suggesting a role for Hh
in hair follicle stem cells. In this work, Hh
signaling was observed in two distinct
locations of the telogen follicle (Figure 1A):
(1) in the hair germ/lower bulge at the base
of the follicle, an area overlapping with
Lgr5(+) cells, and (2) in the upper part of
the bulge region, above the slow-cycling
CD34/K15(+) stem cells and below the
Lrig1/MTS24(+) isthmus stem cells.
Desert Hh released from the adjacent
dermal papilla and/or Shh released from
epithelial cells are potential Gli1 activators
at the base of the follicle. And while the
role of Hh signaling in this location of the
telogen follicle is unknown, it is tempting
to speculate that it is either required for
the maintenance of progenitor cells
during telogen and/or the activation of
proliferation of these cells at the begin-
ning of anagen (Sato et al., 1999); progen-
itor cells in the hair germ are the first to be
activated during anagen, giving rise to all
lineages of the growing hair.More surprising was the identification
of Hh-responding cells in the upper part
of the bulge, given that previous in situ
hybridization studies failed to identify
expression of Hh ligands in this domain.
This unexpected observation led the
investigators to explore other sources,
and, remarkably, they found that sensory
nerves, known to encircle the bulge region
of the follicle, release Shh into the bulge
region in a retrograde manner. Surgical
denervation leads to selective loss of
Gli1 expression in the upper bulge, indi-
cating that neuronally released Shh drives
signaling in this population. While dener-
vation is dispensable for hair regeneration
in short-term studies (Maurer et al., 1998),
it is worth investigating the long-term
effects of nerve ablation, as hair loss is
a well-known consequence of chronic
peripheral neuropathy in humans.
Brownell et al. (2011) then used genetic
fate mapping methods to demonstrate
that the Gli1(+) cell population persists
for at least a year, contributing to all line-
ages of cycling follicles except the seba-
ceous gland and infundibulum, defining
them as hair follicle stem cells (Figure 1B).
Both populations of Gli1(+) cells, physi-
cally located in the lower- and upper-
bulge domains, seem to contribute to
these features. Interestingly, uponwound-
ing, the upper Gli1(+)/CD34()/K15()
stem cells move into the interfollicular
epidermis, where they take on the fate of
interfollicular epidermal progenitor cells
and persist long-term (Figure 1C). This
migration pattern is in contrast to K15(+)
stem cells, which only move transiently
to the interfollicular epidermis in response
to wounding (Ito et al., 2005).Cell Stem CThe classic model of hair follicle stem
cells posits that hair follicle cell lineages
in the regenerated portion of the cycling
follicle are governed by a monarch, the
slow-cycling CD34/K15(+) stem cell,
located in the mid-region of the telogen
bulge (Hsu et al., 2011). In opposition to
this strict hierarchical model, other
studies have suggested a horizontal
model wherein the hair follicle is governed
by an oligarchy of stem cells (Claudinot
et al., 2005), each stem cell population
contributing preferentially to different
parts of the hair follicle. Thus, in addition
to slow-cycling CD34/K15(+) stem cells,
investigators have identified cycling
Lgr5(+) stem cells in the hair germ and
lower bulge region (Jaks et al., 2008),
Lrig1/MTS24(+) stem cells and Blimp1(+)
progenitor cells in the isthmus region
(Jensen et al., 2009), Lgr6(+) stem cells
directly above the bulge (Snippert et al.,
2010), and now, Gli1(+) cells in the upper
bulge have entered the scene (Figure 1B).
The isthmus-located stem cell popula-
tions (Lrig1[+], Blimp1[+], and Lgr6[+])
appear to contribute preferentially to the
noncycling, continuously renewing parts
of the upper follicle—isthmus, sebaceous
gland, and infundibulum—and even, in
the case of Lgr6(+) cells, to the interfollic-
ular epidermis. In contrast, the bulge-
located stem cell populations—CD34(+),
Lgr5(+), and Gli1(+)—appear to contribute
primarily to cell lineages of the lower
follicle, which is cyclically regenerated.
The upper Gli1(+) cell population is
located in the uppermost area of the bulge
in close proximity to the previously identi-
fied Lgr6(+) cells (Figure 1B). Yet, these
two populations appear to be distinct, asell 8, May 6, 2011 ª2011 Elsevier Inc. 459
Figure 1. Hedgehog Signaling and Hair Follicle Stem Cells
(A) Hedgehog signaling and the stem cell niche. Hedgehog-responding epithelial cells in two distinct domains of the telogen follicle are shown in red. The dermal
papilla, lower follicle, and sensory nerve are indicated as niche components and sources of Hedgehog ligands. There is also active Hedgehog signaling in the
dermal papilla, which is not highlighted in this representation.
(B) Location of hair follicle stem cell populations in the telogen follicle. The K6(+) bulge cell population is also indicated; these are non-stem cells that help retain
the club hair and signal to bulge stem cells, maintaining their quiescence.
(C) Tissue contributions of Gli1(+) hair follicle stem cells. Hh, Hedgehog; Shh, Sonic hedgehog; IFE, interfollicular epidermis.
Cell Stem Cell
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gulated in sorted Gli1(+) cells. Further-
more, only Lgr6(+) cells contribute to the
sebaceous gland and the interfollicular
epidermis lineages in the absence of
wounding. Thus, Brownell et al. (2011)
have identified a new and unique hair
follicle stem cell population.
While multiple cell types have been
proposed to serve as niche components
for hair follicle stem cells, this role has
been most clearly shown for the dermal
papilla and a recently described popula-
tion of K6(+) epithelial cells within the
bulge (Hsu et al., 2011). The Brownell
study now expands our view of the hair
follicle stem cell niche by identifying the
sensory nerve as a component of the
bulge niche (Figure 1A). Intriguingly,
denervation prevents the upper Gli1(+)
stem cells from taking on the interfollicular460 Cell Stem Cell 8, May 6, 2011 ª2011 Elsepidermis fate after wounding, showing
the importance of the neural niche for
maintaining stem cell plasticity (Fig-
ure 1C). But, as sensory nerves may
secrete multiple ligands, one cannot
confidently conclude that this effect is
mediated by Shh alone. This aspect of
the work is of interest to the stem cell
community at large because it raises the
possibility that signals emanating from
sensory nerves maintain subpopulations
of adult stem cells within other niches.REFERENCES
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